Abstract The behavior of tropical extreme precipitation under changes in sea surface temperatures (SSTs) is investigated with the Weather Research and Forecasting Model (WRF) in three sets of idealized simulations: small-domain tropical radiative-convective equilibrium (RCE), quasi-global ''aquapatch'', and RCE with prescribed mean ascent from the tropical band in the aquapatch. We find that, across the variations introduced including SST, large-scale circulation, domain size, horizontal resolution, and convective parameterization, the change in the degree of convective organization emerges as a robust mechanism affecting extreme precipitation. Higher ratios of change in extreme precipitation to change in mean surface water vapor are associated with increases in the degree of organization, while lower ratios correspond to decreases in the degree of organization. The spread of such changes is much larger in RCE than aquapatch tropics, suggesting that small RCE domains may be unreliable for assessing the temperature-dependence of extreme precipitation or convective organization. When the degree of organization does not change, simulated extreme precipitation scales with surface water vapor. This slightly exceeds Clausius-Clapeyron (CC) scaling, because the near-surface air warms 10-25% faster than the SST in all experiments. Also for simulations analyzed here with convective parameterizations, there is an increasing trend of organization with SST.
Introduction
With the increase in greenhouse gas concentrations, global air temperature has been rising for decades. A fundamental question associated with warming is the response of precipitation to it. While global mean precipitation increases at a rate of 1-3% per degree of warming due to energy constraint (Allen & Ingram, 2002; Held & Soden, 2006) , extreme precipitation is shown to increase at a much higher rate (O'Gorman, 2015; Trenberth et al., 2003; Westra et al., 2014) . Changes in extreme precipitation can be associated with a dynamical contribution from changes in vertical velocity, a thermodynamic contribution from changes in atmospheric water vapor content, and a microphysical contribution from changes in precipitation efficiency (O'Gorman, 2015; O'Gorman & Schneider, 2009a) . If the circulation varies little with warming and precipitation efficiency remains constant, then precipitation extremes would scale with atmospheric water vapor at 6-7%/K, this is termed as Clausius-Clapeyron (CC) scaling (Muller et al., 2011; O'Gorman, 2015) . However, both observational and modeling studies have shown rates deviating from the CC rate (Bao et al., 2017; O'Gorman & Schneider, 2009b; Westra et al., 2013) , suggesting that apart from the thermodynamics, other factors could also play a role.
Tropical atmosphere is composed of numerous small convective cells. They often merge into bigger clusters and become organized over a wide range of scales. These organized systems include squall lines, mesoscale convective complexes, tropical cyclones, and planetary-scale envelopes such as Madden-Julian oscillation (MJO). They are known to be closely related to extreme precipitation occurrences (Nesbitt et al., 2006) . Tan et al. (2015) found from observations that regional increase in tropical precipitation is mostly associated with changes in the frequency of organized deep convection.
The aggregated state is characterized with one or several moist convective clusters surrounded by dry nonconvecting environment. Such a self-aggregation process has a huge impact on the properties of the mean climate. When it becomes more aggregated, the troposphere is significantly drier with less cloudiness and the outgoing longwave radiation is largely enhanced . Mean drying of the low to mid troposphere with increasing aggregation, for a given rain rate, has also been found over tropical oceans with satellite and reanalysis data (Tobin et al., 2012) . The feedbacks between convective organization and large-scale atmospheric state may also play a role in the climate sensitivity and climate change (Bony et al., 2015) .
Studies have been focusing on the behavior of convective organization and often note that it has a strong dependence on sea surface temperatures (SSTs). Held et al. (1993) showed that convection organized much more slowly at low SSTs. By using a simplified model and cloud-resolving model SAM, Khairoutdinov and Emanuel (2010) found that self-aggregation only occurs above a critical SST threshold. With the same CRM, Wing and Emanuel (2014) also found that self-aggregation did not occur below 300 K. Nevertheless, Coppin and Bony (2015) performed global RCE simulations with a GCM and found that self-aggregation always developed at low SSTs. Holloway and Woolnough (2016) also found self-aggregation in idealized explicit convection simulations with SST as low as 290 K. Thus, the SST dependence of self-aggregation seems to be model dependent and still remains uncertain.
As mean climatic properties change drastically with organization, it remains to be seen how extreme precipitation will respond to it. CRMs are thought to be more reliable than models with convective parameterizations in that convective processes are resolved rather than being parameterized. Due to high computational costs, CRM-based studies looking at the response of extreme precipitation to warming were mostly conducted in idealized RCE configurations with only two different SSTs and most showed that extreme precipitation scales following the increase in surface water vapor at a rate slightly lower than 7%/K (Muller, 2013; Muller et al., 2011; Romps, 2011) . However, when comparing across a range of SSTs, Singh and O'Gorman (2014) found super CC scaling for instantaneous extreme precipitation in their RCE simulations with a CRM, and Pendergrass et al. (2016) performed global RCE simulations with a GCM and found that extreme precipitation scaling rate increases abruptly at the transition from disorganized to organized convection. So far, most previous modeling studies especially in terms of convective organization were performed with the RCE configurations, so there was no large-scale circulation. Hence, results may be affected when the impact of large-scale circulation is included.
In this paper, we examine the warming response of extreme precipitation and its association with convective organization in idealized simulations including both RCE configurations and more realistic simulations with the impact of large-scale circulation. The simulations performed use different convective parameterizations. The paper is organized as follows: models and experiment setups are described in section 2 while analysis methods are shown in section 3. Section 4 describes the main results. Discussion and conclusions are presented in section 5.
Model and Configurations
Three sets of idealized simulations were conducted: RCE simulations, quasi-global ''aquapatch'' simulations, and RCE simulations with the effect of mean ascent representing the impact of large-scale circulations (RCE 1 W). All the simulations were performed with Weather Research and Forecasting Model (WRF) version 3.7.1 (Skamarock et al., 2008) . The standard horizontal resolution is 46.35 km, with 50 vertical levels reaching up to the model top at 26 km. Thus, the simulations are far from cloud-system resolving, and must rely on convective parameterization; however, this approach allows us to perform ensembles of runs affordably at widely varying domain sizes.
The RCE simulations are three-dimensional on a square domain with doubly periodic boundary conditions and no rotation. The standard RCE simulations (same resolutions as aquapatch) have 41 3 41 points (46.35 km). For the RCE domain, to test the robustness of behavior, we also perform ''high-resolution'' simulations, which have a resolution 4 times higher with 161 3 161 points (11.5875 km). At each resolution, we conduct nine different SST experiments with SST corresponding to the averaged SST of the aquapatch simulations over the same latitude of RCE domain (Figure 1b) . The standard and high-resolution RCE simulations were run for 54 and 30 months, respectively, and the initial 120 days are considered as spin-up time.
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Our aquapatch experiments follow the ''aquapatch'' setups of Nolan et al. (2016) , in which the domain spans meridionally from 608S to 608N and zonally one third of the equator (Figure 1a ) making them quasi-global in scale. The horizontal resolution is 46.35 km (287 3 288 points), with 50 vertical levels reaching up to the model top at 26 km. The north and south boundaries are free-slip walls and the east and west boundary conditions are periodic. The Coriolis parameter is defined using f 5 2Xsin(/). The insolation is held constant at equinox, so there is no seasonal cycle. But the diurnal cycle is retained in atmospheric absorption of solar radiation. To investigate the warming response of extreme precipitation and convective organization, we performed simulations with nine different SSTs. The prescribed SST distribution varies with latitude and follows the ''control'' SST profile from Neale and Hoskins (2000) . We kept the same SST gradient and modified the SST profile by changing equatorial SST from 291.15 to 315.15 K with SST increasing by 3 K uniformly ( Figure 1b ). All the simulations were run for 14 months with statistics collected after 60 days of simulations.
Large-scale dynamical changes are included in another set of RCE simulations (at standard resolution) to investigate their impact on extreme precipitation. The initial idea of the RCE 1 W experiment was to test whether by adding the same large-scale ascent (and hence, moisture input and cooling) in the small domain as was predicted in the tropical band of the large domain, the RCE configuration could reproduce the same extreme precipitation behavior as in the large domain. To achieve this, we added the effect of large-scale vertical velocity to the vertical advective tendencies of potential temperature and moisture. Ascent was imposed uniformly in space and time, but temperature and moisture tendencies vary with the vertical gradients in the simulation. The large-scale vertical velocities were computed from the outputs of the aquapatch simulations, averaged over the tropical band of the same latitude as the RCE domain. Apart from this, the model configuration is consistent with that of standard RCE.
Each of the above experiments was run with different convective parameterization schemes: the new Tiedtke scheme (Zhang et al., 2011) , which we refer to as R1, the Betts-Miller-Janjic scheme (Janjić, 1994) as R2, and the Grell-Freitas scheme (Grell & Freitas, 2014) as R3. For experiments with RCE configurations, an extra set of simulations (R4) was conducted in which the convection scheme was switched off. At a very coarse resolution, convection is generally more difficult to form without convective parameterization. The other model parameterizations are the same in all experiments: the Goddard shortwave and longwave radiation schemes (Chou & Suarez, 1999) , the YSU planetary boundary layer scheme (Hong et al., 2006) , and the Goddard microphysics scheme (Tao et al., 1989) .
Methods
In this study, extreme precipitation was computed as the average daily precipitation from all the grid points with daily precipitation amount exceeding the 99th percentile threshold (results were found to be similar 
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with 99.9th percentile threshold, not shown). ''Surface water vapor'' refers to the water vapor mixing ratio at 2 m. The ratio (R P ) of fractional change of extreme precipitation (DP ext %) to that of mean surface water vapor (Dr mean %) is defined as:
Despite regular 3 K SST step increases, surface air temperature tends to rise irregularly. In order not to mix up the cause with the effect, scaling of mean surface water vapor in this study is given per degree of SST increase.
Convective organization can be quantified by different metrics based on its various characteristics. Here we select three identifying metrics. First, we applied the simple convective aggregation index (SCAI) defined by Tobin et al. (2012) . The SCAI focuses on individual convective clusters and measures aggregation by taking into account the number of convective clusters and the average distance between each pair of clusters over all possible pairs. Instead of brightness temperature, we used 95th percentile daily precipitation (over the whole domain and time period) as a threshold to identify convective clusters. Grid points with daily precipitation higher than this threshold were flagged as ''convective,'' and two convective grids belong to the 
same convective cluster only if they share a common side. We counted the number of convective clusters (N) and computed the average distance (D 0 ) between them on each day, and followed the formula:
where N max is the total number of grid points in the domain and L is the length of the domain.
The second index that we used is domain-mean, vertical-average relative humidity (ARH). A more organized state is typically associated with a much drier atmosphere. Changes in the degree of organization would therefore be measurable through the moistening or drying of the atmosphere. This index is slightly different from the column relative humidity which is the ratio of precipitable water to the saturation water vapor path used by, e.g., Wing and Cronin (2016) . ARH was calculated as the mass-weighted average relative humidity from the surface to 200 hPa:
ps dp g where rh is the relative humidity at each level, ps is surface pressure, pt is about 200 hPa, and g is gravitational constant.
In addition to SCAI and ARH, we also quantify convective organization with ascending fraction based on vertical velocity. AF1 is the fraction of the area with the vertical velocity at 500 hPa larger than mean positive vertical velocity over the analysis domain. The threshold here is to reduce the effect by gravity waves. AF2 is calculated as the fraction of the area with upward mass-weighted vertical integral of vertical velocity from surface to about 200 hPa.
To facilitate comparison among different simulations, we divided the tropical band of the aquapatch domain (dashed domain in Figure 1a ) into seven subregions. Each subregion has the same size as that of Figure 1a ). For simplicity, the values were rounded to the closest integers.
Results
We first focus on the meridional distribution of precipitation from the aquapatch simulations (Figure 2 ). In both mean and extreme precipitation, there is a strong peak at the equator indicating ITCZ and two weak peaks in the midlatitudes, which marks the locations of midlatitude storm tracks. In the extratropics, precipitation shifts poleward with warmer SSTs. In the tropics, despite the uniform 3 K SST increase, the response of tropical extreme precipitation is not consistent. This is partly due to the choice of convection scheme, as the extreme precipitation increases shown for schemes R1, R2, and R3 are very different. On the other hand, it also depends on the SSTs, as the extreme precipitation increase is not uniform even with the same convection scheme. The tropical precipitation shows a double ITCZ pattern at low SSTs with R1 and R3. This double-ITCZ structure weakens with SST and disappears at 309 K with R1, while it strengthens until SST reaches 309 K and weakens above that with R3.
Mean omega (downward pressure velocity) in the tropical band of the aquapatch simulations is shown in Figure 3 . Consistent with the previous RCE studies (Muller et al., 2011; Singh & O'Gorman, 2015) , there is an upward shift of omega with increasing SST. The strength of omega weakens with SST in the midtroposphere, but in the lower troposphere it increases at cold SSTs and decreases at warm SSTs. As water vapor is concentrated near the surface, the lower tropospheric omega is more relevant to mean precipitation. Thus, in cases where the strength of the lower tropospheric omega increases with SST, the mean precipitation tends to go up faster and scale closer to the extreme precipitation than what we expect from cases with weakening of omega (Bony et al., 2013) . In order to balance the atmospheric energy constraint Journal of Advances in Modeling Earth Systems 10.1002/2017MS001125 (Allen & Ingram, 2002) , a larger increase in mean precipitation near the equator occurs at the expense of a more moderate increase in the extratropics. Figure 4 shows the fractional change in surface water vapor relative to 3 K SST increase. Despite the very different model setups between RCE and aquapatch, it is generally consistent across the simulations that the surface water vapor increases by 6-9%/K. The rates are overall slightly higher than CC scaling because the near-surface air temperature changes 3.3-3.7 K per 3 K SST increase (not shown). While the water vapor increases fairly smoothly with SST in the aquapatch simulations, it occasionally shows strong peaks exceeding 10%/K in the RCE experiments.
To isolate the dynamical contribution to extreme precipitation changes, we scale them by the mean surface water vapor change to remove the thermodynamic contribution, yielding a ratio R P ( Figure 5 ). Thermodynamic scaling would yield R P 5 1, while no change in extreme precipitation would yield R P 5 0. The maximum ratios seen can be two to four, while the minimum R P is negative indicating a decrease of extreme precipitation ( Figure 5 ). This implies that factors other than thermodynamics must play a role. The convection scheme has a significant impact on the variation of R P with SST. The maximum R P occurs at a relatively lower SST in R2 but a higher SST in R3. In addition, the spread of R P is much larger in RCE than in the aquapatch tropical band. Note that these large and quasi-random variations in precipitation scaling between nearby SST values in the RCE setups are not due to sampling errors (shown via error bars in Figure 8 ), which are quite small due to the long run lengths employed. 
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As mentioned in section 1, it remains a question how convective organization responds to SST. Here we show the SST dependence of organization in Figure 6 . In RCE, for simulations with convection parameterizations, in most cases, the indices show an overall decreasing trend with SST. As a smaller index denotes more organization, this implies that convection tends to be more organized with SST. But at very high SSTs, convection becomes a bit less organized, with the four indices all rising slightly. The SST dependence of organization found here is broadly consistent with the results obtained using the cloud-resolving simulation SAM over a square domain (Wing & Emanuel, 2014) . Despite the consistent overall trend among R1, R2, and R3, the indices still show small but distinct variations with a sharp decline occurring at 306 K in R1 and at 297 K in R2. The SST when sharp decline occurs corresponds to the SST when maximum extreme precipitation scaling rate happens, and it is also the SST above which a bimodal structure of vertical-average relative humidity appears with a dominant peak at low humidity indicating strong organization (Figure 7) . We interpret this SST as the transition from a disorganized or semiorganized state to a highly organized state. However, such a transition does not exist in R3 and R4 as the bimodal structure of PDFs prevails in all SSTs, suggesting that convection is always organized even at lowest SST. When the convection scheme is turned off in R4, organization shows very weak SST dependence and stays highly aggregated. The above features can also be seen in high-resolution RCE cases. However, for R2 and R3, we note that the transition to an organized state happens at higher SSTs, which supports the results reported by Muller and Held (2012) that self-aggregation is favored by coarse resolutions. It should be noted that on average the mean surface water vapor follows or slightly exceeds CC scaling, but is strongly affected in individual simulations when there are large changes in the degree of organization, particularly in RCE experiments (Figure 4) . Thus, there 
are multiple interactions, where extreme precipitation is affected by organization and surface water vapor, and the water vapor is also affected by organization.
In aquapatch, contrasting trends prevail among different indices. SCAI decreases gradually at cold SSTs but increases strongly at warm SSTs (Figure 6i ), while ARH roughly increases with SST uniformly in R1, R2, and R3 ( Figure 6j ). We consider that ARH may not be able to represent the degree of organization here, because the aquapatch simulations involve a large-scale circulation with mean upward motion over the tropical region (ITCZ). This upward motion generally increases with SST, transporting the air with more moisture but lower potential temperature upward, which should cause an increase in ARH irrespective of convective organization. This picture has been confirmed in RCE 1 W simulations which also show an overall increasing trend for ARH (Figure 6n ). In addition, the area fractions AF1 and AF2 indicate an increase of organization with SST (Figures 6k and 6l) . In R3, convection becomes gradually less organized until SST reaches 309 K and organizes vigorously above that.
When comparing RCE with RCE 1 W, we note that the indices are generally larger in RCE 1 W simulations. This is partly due to the different spatial structures of the organized state, which are mainly circular clusters in RCE simulations but elongated bands in RCE 1 W simulations. More importantly, having the horizontally homogeneous effect of constant vertical velocity over the domain in the RCE 1 W simulations may also make convection less organized by moistening nonconvective parts of the small model domain. 
The relationship between convective organization and ratio R P of change in extreme precipitation to change in mean surface water vapor is examined in Figure 8 . In both the standard and high-resolution RCE cases, R P is highly correlated with the relative change in degree of organization (Figure 8 ). Higherthan-thermodynamic scaling rates (R P > 1) are associated with increases in the degree of organization, while lower rates (R P < 1) correspond to decreases in the degree of organization. When the degree of organization does not change, extreme precipitation follows the change in surface water vapor on average.
Such a relation also prevails between R P and DAF1 (or DAF2) in the aquapatch simulations (Figures 8k and  8l) . However, R P shows very weak correlation with DSCAI. Holloway (2017) pointed out that SCAI is not suitable for comparing states with significantly different domain-mean rainfall. Likewise, we consider that SCAI may not capture organization for the aquapatch simulations, as the domain-mean rainfall increases significantly with SST.
As mentioned previously, the absolute value of ARH may not be able to represent the degree of organization in aquapatch and RCE 1 W. This is because with the effect of the large-scale ascent, the absolute value of ARH generally increases with SST. Thus, the rightward shift in the regression line can be interpreted as the change in ARH purely forced by changes in the SST and the large-scale circulation. But we speculate that DARH can still show the behavior in the degree of organization as high correlations between DARH and R P remain (Figures 8j and 8n) . Additionally, we note that the correlation between DARH and R P is much lower in aquapatch simulations than in the RCE 1 W ones. This might be because the large domain of aquapatch allows moisture transports from and to the smaller analysis regions by the circulation.
Discussion and Conclusions
This study examines the response of extreme precipitation and convective organization to different SSTs in a suite of simulations using the WRF regional model. To expand on previous studies which mainly have employed an idealized RCE setup, we have involved three sets of idealized simulations: small-domain tropical RCE, quasi-global ''aquapatch'', and RCE with prescribed mean ascent from the tropical band in the aquapatch.
Despite the very different experiment setups, several features emerge as robust across the simulations. The change in extreme precipitation varies strongly and often quasi-randomly with SST, far beyond the range of change in atmospheric water vapor, which does not stray far from the CC scaling rate. These large variations in ratio R P of change in extreme precipitation to change in mean surface water vapor are strongly correlated with simultaneous changes in the degree of convective organization in the model experiments. High R P are associated with an increase in the degree of organization, while low R P correspond to a decrease in the degree of organization. When the degree of organization does not change, extreme precipitation tends to follow mean surface water vapor, increasing at a rate slightly exceeding CC scaling. This is because surface water vapor change was computed based on SST increase and the near-surface air warms 10-25% faster than SST. While the focus of this study is on extreme precipitation, we find that mean precipitation change is also highly correlated with changes in the degree of convective organization, especially for RCE cases. This is expected, as a more organized state has less cloud cover and lower relative humidity. This would induce more atmospheric radiative cooling, and therefore enhance the mean precipitation.
In simulations with convective parameterizations, convection is generally more organized with increasing SST. This sometimes happens gradually but usually there is a sudden transition from a disorganized or semiorganized state at some threshold SST. The SST at which this occurs depends on the convection scheme. Consistent with Muller and Held (2012) , we also find that convective organization is favored by coarse resolutions. Becker et al. (2017) attributed the SST dependence of convective organization to the sensitivity of convective parameterization to SST. We find that when convective parameterization is turned off, organization shows very weak SST dependence and convection stays highly organized at all SSTs examined. In essence, convective parameterization acts against convective organization. This may have important implications for precipitation characteristics in models. It is known that most
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parameterizations produce convection too frequently or trigger it too early, and hence may not represent convective organization as desired.
All four metrics (SCAI, ARH, AF1, and AF2) can capture convective organization well in RCE cases. However, SCAI and ARH may not be suitable for simulations with a more realistic setup such as our aquapatch simulations since they appear to be influenced by changes in mean ascent and rain rate. Caution is required in interpreting individual measures of convective organization.
The degree of organization can vary quite a lot with modest SST changes in our RCE experiments. This means care must be taken in interpreting experiments with only a few SST values, especially in smalldomain simulations.
In RCE, when convection is very organized, a bimodal structure of vertical average relative humidity appears with a strong peak at low humidity, indicating dry, nonconvecting areas dominate. However, these features do not exist in aquapatch simulations. We suggest that the strong SST gradient in aquapatch simulations already makes convection very organized. Thus, there may not be as large change of convective organization in aquapatch as possible in RCE. Interestingly however, the mean ITCZ rainfall increased strongly with SST in the aquapatch experiments, while rain in the dry belts decreased, indicating an increase in largescale, mean-state aggregation in this setup. Holloway et al. (2017) discussed how realistically square domain RCE simulations could represent atmospheric humidity, and showed that RCE simulations with a square domain have a too broad humidity PDF and excessively dry subsiding regions. This is supported by our simulations: compared with aquapatch, the aggregated state in RCE shows a much broader PDF of average relative humidity, with significantly drier subsiding regions (Figure 7) . Moreover, the spread of ratio of extreme precipitation change to mean surface water vapor change is much larger in RCE than aquapatch domains, suggesting that small RCE domains may be unreliable for assessing the temperature-dependence of extreme precipitation or convective organization. But for global RCE, it might be relevant in the ITCZ, as Popke et al. (2013) showed that the global RCE simulations developed a realistic large-scale overturning circulation.
Involving mean large-scale circulation in RCE simulations generally makes convection less organized and the behavior of organization noisier. The reason for this is beyond the scope of the current focus, which we will explore in the future work, but we hypothesize that it may result from imposing a horizontally uniform ascent rate, which will tend to moisten nonconvective areas. In any case, our results indicate that one cannot necessarily reproduce similar extreme precipitation changes with SST, as shown in aquapatch simulations, by imposing the large-scale ascent alone.
In aquapatch, the strengthening or weakening of a double ITCZ seems to be in phase with the variation of AF1 and AF2. A less pronounced double ITCZ occurs when convection is more organized and more pronounced one when convection is less organized. We wonder whether it is possible to relate the behavior of double ITCZ with convective organization and whether a better representation of convective organization could help resolve the problem of double ITCZ.
Consistent with previous studies, the thermodynamic contribution sets a basic rate for extreme precipitation. Here we show that this rate is further altered by dynamical and microphysical contributions through changes in degree of organization. And the change in organization is affected by various factors as identified in this study including SST, large-scale circulation, domain size, horizontal resolution, and convective parameterization.
The above results should be interpreted with a few caveats. Due to computational constraints, we do not run a higher-resolution aquapatch case. More importantly, the conclusions remain to be tested by cloudresolving simulation. Moreover, our experiments are set up with a simple idealized configuration and the impact of more realistically complex large-scale circulations should be explored.
An increase in the occurrence of organized deep convection in a warming climate (mainly over oceans) has been found in satellite observations of the tropical atmosphere (Tan et al., 2015; Tselioudis et al., 2010) . If the strong correlation found here between extreme precipitation scaling rate and change in the degree of convective organization exists in the real world, the above observed trend of convective organization implies that extreme precipitation is increasing at a rate faster than CC scaling in the future. 
